Optical trapping of light-absorbing particles in a gaseous environment is governed by a laser-induced photophoretic force, which can be orders of magnitude stronger than the force of radiation pressure induced by the same light intensity. In spite of many experimental studies, the exact theoretical background underlying the photophoretic force and the prediction of its influence on the particle motion is still in its infancy. Here, we report the results of a quantitative analysis of the photophoretic force and the stiffness of trapping achieved by levitating graphite and carbon-coated glass shells of calibrated sizes in an upright diverging hollow-core vortex beam, which we refer to as an 'optical funnel'. The measurements of forces were conducted in air at various gas pressures in the range from 5 mbar to 2 bar. The results of these measurements lay the foundation for developing a touch-free optical system for precisely positioning sub-micrometer bioparticles at the focal spot of an x-ray free electron laser, which would significantly enhance the efficiency of studying nanoscale morphology of proteins and biomolecules in femtosecond coherent diffractive imaging experiments.
INTRODUCTION
Optically-induced forces provide a promising route to touch-free guiding of air-borne particles of micrometer and sub-micrometer sizes [1] [2] [3] [4] [5] . In general, there are two types of forces responsible for the impact of laser light on light-absorbing particles suspended in gaseous environment. The first is the force of light pressure, due to momentum transfer by photons. The broad field of optical trapping was pioneered by Ashkin [6] , who in his first demonstration proposed and developed the basic concept of a counter-propagating gradient-force optical trap. In his experiments he established that the radiation pressure from a continuous-wave laser beam of a few ten mW could stably hold micrometer-sized dielectric particles in a three-dimensional confinement in air and in vacuum.
The second force is a thermal or photophoretic force F pp , which results from the transfer of momentum from gas molecules to the particles and occurs only if the surface of a particle is unevenly heated by an incident light beam. Under anisotropic heating, surrounding gas molecules rebound off the surface with different velocities creating a net force on the particle [7] . This effect was discovered by Ehrenhaft a century ago and termed photophoresis [8] . It depends on the particle size relative to the mean-free path of gas molecules and thus on the gas pressure, the absorption of laser light, and thermal conductivity of the particle [9] [10] [11] . The ratio of the gas mean-free path to particle diameter is known as the Knudsen number Kn. The force experienced by an irradiated surface depends on gas pressure p in the following way: F pp is directly proportional to p at extremely low pressures, inversely proportional to p at extremely high pressures, and the plot of F pp over a logarithmic pressure scale is symmetric with respect to the characteristic pressure at which Kn ~1 where F pp attains a maximum as illustrated in Fig.1 [12, 13] . Photophoretic forces can be up to three orders of magnitude higher than the radiation pressure at normal atmospheric conditions [3] .
FIG. 1. Illustration of the dependence of photophoretic force (red line) on gas pressure for different regimes of
Knudsen number Kn. The force was calculated for a highly absorbing 1µm diameter particle, for which the Kn ~1 at ~20 mbar. In the continuum flow regime (Kn <<1) the force increases with reduced pressure, followed though the transition area Kn ~1 into the free molecular regime (Kn >>1) where the force reduces with reduced pressure. The point where photophoretic force equates with the force of light pressure depends on the illumination intensity. We show, as an example, that at 100 kW/cm 2 the force of light pressure imposed on a 1-µm particle is equal to ~3 pN, so the light pressure force dominates at pressures below 4×10 -2 mbar.
The value of photophoretic force is characterised by a Knudsen number Kn. The mean-free path for the gas molecules at normal conditions in air is ~94 nm and varies inversely with pressure. In the free molecular flow regime, where particles are much smaller than the mean-free path (Kn >>1), the photophoretic force can be estimated by kinetic theory in which case reduced pressure results in smaller forces [9] [10] [11] . In the continuous regime (Kn <<1), the nature of the interaction has a very different mechanism: the particle's motion is due to the thermal creep phenomenon resulting from the particle surface temperature distribution [12] [13] [14] . In this regime, the force increases when the pressure is reduced and can be modelled using the equations governing continuous gas media with proper slip flow boundary conditions. Thermal creep is a rarefaction effect, which occurs due to gas microflow along the walls with heat flux and depends on the temperature gradient of the gas along streamlines [9] . It is temperature driven, not pressure driven, as the gas moves in the direction of increasing temperature. The temperature difference, in turn, depends on the particle absorption for the laser light, which is wavelength dependent, and on the thermal conductivity of the particle. In all the above conditions the momentum transfer for a light-absorbing particle is in the direction from hot to cold, thus the particle moves away from regions of high illumination intensity.
A solid theoretical background to predict the photophoretic force in the transitional regime Kn ~1 is still elusive [9, [11] [12] [13] . Up to date, there is no theory unifying laser trapping by both radiation force and photophoretic force, and there is no united approach that covers the transitional range Kn ~1, of particular interest for trapping and transport of macromolecules [13, 14] , and indeed the range of interest for this work. For a particle size of ~1 μm, Kn ~1 is reached at about 20 mbar (see Fig.1 ). At lower gas pressures the photophoretic force decreases and at some point becomes lower than the light pressure force. We indicated this pressure of 0.04 mbar in Fig.1 for 1 µm particle by taking, somewhat arbitrarily, a 3 pN force from the pressure of light.
In the Kn <<1 regime with small particles at atmospheric pressure both radiation pressure and photophoretic forces are linearly dependent on the incoming laser intensity, and both push the light-absorbing particles toward the direction of the beam propagation, and from higher intensity to lower intensity illumination. This is the reason why it is difficult to trap absorbing particles with a Gaussian beam profile [15] , where the position at the maximum of beam intensity is unstable and particles are pushed away from the beam axis. An obvious solution to the problem is the use of structured beams with a doughnut intensity profile such as vortex beams, initially proposed by Rubinsztein-Dunlop et al. [16, 17] for use in optical tweezers to handle light absorbing particles with tightly focused beams in liquid media. Specifically, the laser vortex beam traps the particle on the axis where the incident intensity is minimal. The particle on the axis is in stable equilibrium because a small transverse perturbation increases the illuminating intensity and forces push it back to the axis. Optical vortices serve not only as a microscopic tool that can hold micrometer-size particles at rest or translate them, but also rotate them about the beam's axis. A large variety of laser beams with complex architecture offered high level of stability and robustness to trapping [18] [19] [20] .
The first use of optical vortices for trapping and transporting light-absorbing particles in air was demonstrated using counter-propagating coaxial vortex beams [21, 22] . Following this work, the influence of the state of vertical or horizontal linear polarization on the axial force, and therefore speed, of horizontally-transported spherical particles was investigated. In this case the particles were slightly shifted off-axis by gravity, which provides an additional degree of freedom in particle manipulation [23] . The effect is due to the breaking of the symmetry in irradiation of a spherical particle and the resulting difference in Fresnel reflectivity and absorption between the s-and p-polarized components of the beam. In a vertical geometry with the beam propagation upwards the difference in optically induced force on the levitating particles on the state of polarisation was demonstrated. The particle could be moved between two stable positions upward or downward in the diverging vortex beam by switching the polarization state from azimuthal to radial without changing any other beam parameters [24] .
The optical positioning and long-distance transport of absorbing particles in a gaseous environment or in vacuum opens up a previously unattainable domain of optical manipulation suggesting diverse new applications. Several optical schemes based on various beam architectures with minimum intensity field were proposed to trap particles in gaseous environments since the first demonstration. Among those are selective trapping of thousands of particles in a randomly distributed pockets of a speckle-field [25, 26] , synchronous manipulation of particle ensembles using an optical lattice formed by multiple-beam interference [27] , trapping particles in a tapered-ring optical trap diffracted from a circular aperture [28] , and in a bottle beam generated using a moiré technique [29] . Optical trapping can also be applied in robust 3D-manipulation of particles using an optical bottle formed inside the focal volume of a lens with a controlled amount of spherical aberration [4, 30] , or through holographic-based schemes [31] . Besides trapping in 3D, the control of particle trajectory and speed is also important for delivering particles to measurement apparatuses for morphology and composition studies. Such techniques include a diverging quasi-Bessel beam [32] and/or an air-filled photonic crystal fiber [5, 33] .
The present study is motivated by our recently introduced concept of utilizing photophoretic forces for the purpose of single-particle diffractive imaging at an x-ray free-electron laser (XFEL). XFELs are among the latest generation of x-ray sources and are unique in their ability to produce few-femtosecond-duration pulses of few-mJ pulse energy. Remarkably, XFELs can combine atomic-spatial resolution imaging with femtosecond temporal resolution. Single-particle diffractive imaging is an especially enticing possibility that is enabled by XFELs. This methodology typically consists of delivering a stream of isolated nanoparticles (such as proteins and viruses) across the intense focus of the pulsed, few-femtosecond-duration XFEL beam. Through the aggregation of diffraction patterns from a large number of individual particles, three-dimensional electron density maps can be formed without prior knowledge of the particle structure, and time-resolved studies can be enabled through, for example, an optical pump pulse that precedes the delayed x-ray probe pulse. At present, one of the key bottlenecks in single-particle data collection at XFELs is caused by the small size of the 100-nm diameter x-ray beam in comparison to an aerodynamically focused particle stream of a few tens of micrometers [34] . This mismatch between the particle stream size and x-ray beam size results in low sample delivery efficiency -only about one in 10 12 particles are intercepted in the case of a 50-µm particle beam moving at 200 m/s across a 100-nm x-ray beam. As a result, lot's of, often precious, sample is wasted and days of data collection are often required in order to obtain only a few hundred or perhaps a thousand high-quality diffraction patterns at an x-ray pulse repetition rate of 120 Hz, whereas > 100,000 patterns are required for atomic-resolution imaging [35] .
In the context of single-particle imaging, optically induced forces are appealing due to their ability to enable a level of "touch-free" positioning precision that so far has not been achieved through aerodynamic focusing schemes. Our proposed scheme employs a diverging optical vortex beam as an 'optical funnel' to compress and slow down a spray of fast-moving aerosolized particles initially formed by an aerodynamic lens [36] . The aerodynamic lens [36] produces a nearly collimated beam of particles with a beam diameter and speed depending on the size of the particle. Smaller particles tend to move faster (up to about 400 m/s for 10 nm particles) and produce larger beams when compared to bigger particles. Reducing the particle beam diameter and/or particle speed can increase the fraction of x-ray pulses that intercept a particle. For instance, a 1-µm-particle beam moving at 1 m/s would reduce data collection time by a factor of about 10,000 when compared to a typical beam of 50-µm diameter and 200 m/s speed. The difficulty in predicting the magnitude of optically induced forces is complicated by the fact that the aerosol injector produces particles suspended in a mixture of both the carrier gas and water vapour, which undergoes rapid expansion into a vacuum chamber maintained at ~10 -1 -10 -6 mbar. While most of the water from the initial mist of particle-laden microdroplets evaporates prior to reaching the vacuum chamber, the exact residual pressure and concentration of water vapour in the area near the injector nozzle is typically unknown and uncontrolled, and the gas density and velocity field at the x-ray interaction point are not well characterized. For this reason, the prediction of the force can, at this point, only be made from model experiments, where the upper level of optical force is limited by a photophoretic force at atmospheric pressure, and the lower limit is due to the radiation pressure in vacuum. Clearly, considerable empirical investigation of the optical force acting on the particles in the diverging doughnutshaped laser beam is required to predict the beam intensity and divergence to effectively confine the injected particles into the few-micrometer size x-ray focus.
As an important step toward achieving our ultimate goal, we calibrate the optical force imposed by the diverging vortex beam by levitating absorbing particles of various micrometer-size graphite and graphite-coated glass shells at a broad range of laser power and air pressure. We recovered the axial force from the known particle mass and the radial force by measuring stiffness of trapping in the transverse plane and the standard deviation of the particle displacement from the equilibrium position at the beam axis due to the Brownian motion in the static levitating conditions. These force measurements will allow us to determine the requirements for a high-precision, touch-free, optical delivery system for pinpoint injection of sub-micrometer particles into a micrometer-size focus of an XFEL.
LEVITATING PARTICLES IN A DIVERGING VERTICAL VORTEX BEAM
2.1 Light induced force on a spherical particle
Experimental setup
The particle trap is arranged by a diverging beam above the focal plane where the potential well is formed on the axis with minimum irradiation intensity. The equilibrium position in the axial direction is determined by the counterbalance between the gravitational downward force F mg = mg and the photophoretic and light pressure forces induced by the beam: F rad + F pp = mg , where m is the mass of the particle and g the acceleration due to gravity. The levitating forces are recovered from the known mass and the size of the particle suspended at a particular equilibrium position in the diverging beam. We note here that both forces, F rad and F pp , acting on the illuminated surface are linearly dependent on laser intensity. In addition to both light-induced forces, buoyancy can potentially play a role in particle levitation, depending on the particle size and mass. For 2 µm and 20 µm solid carbon particles, the forces exerted by buoyancy at atmospheric pressure are ~5×10 -17 N and ~5×10 -14 N, respectively, whereas the gravitational forces are on the order of 10 -13 N and 10 -10 N, i.e, the former are three orders of magnitude larger. Buoyancy will therefore be neglected in all further considerations. We note that the particles are always denser than a gas by orders of magnitude in case of solid particles and at least by a factor of hundred in case of hollow spheres with a thin shell.
The stiffness of the trap in the transverse plane is determined from thermal motion of the particles observed with a fast CCD camera. The entire setup is contained within a vacuum chamber to conduct the experiments over a broad range of air pressures. Fig.2b ).
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The displacement of a trapped particle in the transverse plane from the axis induces an asymmetry in the intensity distribution on the surface of that particle (Fig. 2c) . The irradiation asymmetry creates a net restoring photophoretic and light-pressure forces, pushing particle back to the axis. For small displacements the restoring force is linear. (c) -Two cases of calculated intensity distribution over a 5 µm particle, located ~1 mm above the focus, and projected on the y-z plane; the left one is for a particle on the z-axis and the right is for a particle shifted 1 µm away from the z-axis. The polarisation is horizontal, the offset is in the direction of this polarisation. The absorbed laser intensity on the particle surface was calculated for the total beam power of 1.0 W; the particle-to-vortex size ratio is 1:20.
Intensity distribution over a spherical surface
Both forces F rad and F pp are governed by irradiation intensity on the particle surface. The intensity distribution across the vortex beam with first topological charge l = 1 is given by [22] : 
where r and z are radial and axial coordinates, P tot is the total laser power in the beam, w l is the waist of the vortex beam. To create an optical funnel with a controlled beam expansion angle, we focus the beam with a lens with focus f. The angle of the cone of the funnel is ′ θ = θ 0 M , where θ 0 is the Gaussian beam divergence and M is the magnification of the focusing lens (Fig. 2b) .
The force acting on a spherical particle with radius r p illuminated by a vortex beam is determined by the axial component of the intensity at each point of the particle surface which can be found using Fresnel equations separately for s-and p-component [23] : (2) where and are the s-and p-components of the incident laser field on a point on the spherical particle, θ i the polar angle of incidence, and A s,p = 1-R s,p are, correspondingly, the Fresnel absorption and reflectivity for the two components. An example of calculations of the absorbed laser intensity distribution over the sphere positioned at the axis and shifted from the axis is presented in Fig.2 (c) for 1/20 particle-to-vortex radius ratio.
Photophoretic force in continuum flow and in free molecular regimes
A number of analytical approaches have been developed to predict the dependence of photophoretic force F pp on gas pressure p in both the continuum and free molecular flow regimes. In the free molecular flow regime (Kn>>1), the force is the result of gas molecules scattering independently from the particle after having "accommodated" briefly at the surface. The temperature of the gas molecules changes during this process, giving rise to a net force [13] :
where κ p is thermal conductivity of the particle of radius r p , and p* is a characteristic pressure:
D denotes a constant determined entirely by the state of the gas,
where κ is a thermal creep coefficient, 0.9 < κ < 1.14 [13] , c is the mean speed of the gas molecules, c = 8RT gas π M gas , R is the universal gas constant, M gas is the molar mass, and η is the dynamic viscosity of the gas.
In the continuous flow regime Kn<<1, i.e. at high pressures, tangential temperature gradients in the gas flow cause a tangential flow velocity. This is the so-called thermal creep effect, which arises in a thin gas layer adjacent to the surface of the particle. The force can be expressed as [13] : where D and p* are given by Eqs. (3a,b) . In both regimes the photophoretic force is proportional to the illuminating intensity. Taking again the example of a 1 µm graphite particle illuminated at atmospheric pressure by a 1 mW laser beam from a laser pointer focused to 1 µm 2 on the particle surface to produce laser intensity of 10 5 W/cm 2 ( c =493 m/s at 20°C; η = 17.8 µPa s in air), the resulting photophoretic force is F pp ~275 pN, or ~75-times higher than the force of radiation pressure and ~25,000-times higher than the force due to gravity (see above). We take the thermal conductivity of amorphous carbon 6.3 W/(m K), which is quite low when compared to metals, for example. A gold coated surface illuminated by a 532 nm beam in the same conditions would experience F pp ~1 pN, due to high thermal conductivity, k Au = 318 W/(m K) and sufficient reflectivity ~0.8 at this wavelength.
Calibration of levitation forces in the optical funnel
The balance of force in the optical levitating nanoscale trap depends on the total laser power of the beam and on the intersection of the beam by the particle, as well as the environment pressure. The optical force varies along the z-axis for a particle with given radius. Thus, calibration of forces in the trap at a fixed total laser power in the beam was conducted by measuring the equilibrium position of the particle relative to the focal plane and characterised by the ratio of the particle radius to the vortex beam radius w 1 . This ratio was used to determine the illumination of the particle at its equilibrium position. We characterised the optical trap by measuring the equilibrium positions of 64 different particles of various sizes in the beam, and conducted measurements at different cross-sections by varying the laser power for a single particle trapped in the beam. The known mass of the particle allowed us to recover the optically induced force in the axial direction while measuring stiffness of trapping and the root mean square displacement from the axis yielded the force in the transverse cross-section of the beam.
Mass of glass shells
To calibrate the forces in the optical funnel we used two types of particles with known masses and recorded the vertical positions of those particles in the funnel for various laser powers and air pressures. We used solid graphite spheres of 2r p in the range 2 µm -12 µm (Sigma Aldrich #484164) for the beam characterisation close to the focal plane, and glass shells (K1, 3MScotchlite) coated with a 30 nm -100 nm graphite layer with diameter ranging from 10 µm to 100 µm to calibrate forces further away from the focus. The mass of the graphite spheres was evaluated by measuring the size and taking the graphite density 2.26 g/cm 3 . In order to determine the mass of glass shells we crushed a number of shells under the optical microscope and measured the wall and the coating layer thickness under field emission scanning electron microscope (FESEM). The result of mass dependence on the shell thickness is presented in Fig. 3 . The mass of the shells varies between 1 ng and 100 ng, the diameter-to-mass relationship fits the power law m p ∝ 2r p ( )
2.6±0.12
; where m p is in ng and r p is in µm. The density of the glass shells varied in size from ~0.05 g/cm 3 to 0.5 g/cm 3 , depending on the shell thickness. We note here that while the size of a particle reasonably accurately predicts the mass, thermal properties, which determine the photophoretic force, may vary due to variation in the graphite coating thickness. . Particles were inserted into the diverging beam by picking them up with a brush dipped into a vial with samples and repeatedly flicking them from the brush over the top of a glass cylinder that enclosed most of the trapping volume (Fig. 2a) . The glass enclosure protects the trap from convective flows in the lab, which otherwise will render the trap extremely unstable when not under vacuum. Once captured within the diverging conical funnel, particles find an equilibrium position as in a potential well and quiver around it due to Brownian motion, fluctuations in beam pointing stability and variation in laser intensity.
Transverse trapping and axial levitating forces
To reveal the elastic constant of trapping, or the stiffness of the trap k (N/m), we follow well-established methods [19] by tracking a back-illuminated particle's position imaged onto a calibrated CCD at frame rates of ~2 kHz. The power spectral densities of these position time series show a distinctive dampening of the oscillations with an associated corner or knee frequency, which can be related to stiffness (see Fig. 4 ). Measurement of the transverse root mean square displacement of the particle from the average position x − x can thus be related to average force: k x − x = F , where n is the number of position measurements [19, 37, 38] . Additionally, the tracking scheme measures the size of the particle, and therefore axial force can be recovered by knowledge of the size and lateral equilibrium position of the particle and determined from balance against gravity.
In order to accurately track the motion of particles, we passively reduced the beam pointing stability of the optical setup to a standard deviation <25 nm. As this standard deviation is orders of magnitude below the motion particles undergo while trapped, we can safely neglect the notion of beam pointing instabilities in our further considerations. The laser intensity of our Verdi V5 varies <1% of output power, and can be neglected as well. Given that the absorbing nature of our particles causes them to repel from high-intensity regions of the laser beam, a particle within the donut mode, or at least close to the central axis, acts as a harmonic oscillator, as it experiences a restoring force linearly proportional to the displacement from the central axis -the dark core. The power spectral density, which represents the mean square deviation of the particle from the equilibrium in the frequency domain, is used in optical trapping for measuring the trap stiffness.
The particle equilibrium position observed in our experiments was typically in the range of 500 to 1200 µm above the focus of the beam, with an average particle size around 10 µm. The results of the particle motion in the trap are shown in Fig. 4 and Fig. 5 . The crossover point, which determines the trap stiffness, is given by the intersection of the frequency-independent oscillation strength due to trapping and a free-diffusion falloff. The transverse stiffness of the optical trap is dictated by both the total power in the trap, and the geometry of the optical trap configuration. A small axial shift of the particle only insignificantly changes absorbed power both along the axis and in the transverse directions, however a transverse offset from the beam axis drastically increases absorbed power (see Fig. 2c ). The transverse forces, normalised to the absorbed laser power, are much larger than the normalised axial forces, as shown in Fig. 5 .
With the particle in its equilibrium position within the dark core of the optical vortex, the trapping force is strongest at the points of steepest gradient in the illuminating intensity distribution, which are given by the two inner inflection points of the intensity distribution, so that , r b is the beam radius at the equilibrium position of the particle. Our experiments were conducted with a particle-to-beam ratio much less than 1. As this ratio is decreased, the stiffness of trapping normalised to absorbed power increases (see Fig.5 ). 
Dependence of photophoretic force on the gas pressure
Varying the gas pressure changes the photophoretic force and subsequently moves the particle to a new equilibrium position, at which the laser illumination distribution over the particle surface and the particle-to-beam size also changes in the optical funnel configuration. In order to uncover the dependence of photophoretic force on the gas pressure we performed the following experiment: While varying the pressure in the chamber we subsequently varied the laser power to keep the particle in the same position and thus preserved the illuminating geometry. The pressure in the chamber was changed from 2 bar down to atmospheric pressure and further down to ~5 mbar. As the pressure decreased down to 100 mbar, the particles moved to a higher position due to the increased photophoretic force, which consequently required a reduction of the laser power to return particle to the initial position with initial particle-to-beam ratio.
Several graphite-coated glass shells with the mass between 0.2 ng and 0.8 ng, the size from 3 µm to 11 µm, and with various particle-to-beam size ratio were used to build the experimental curve in order to check the dependence of the axial force imposed by the particles at different cross-sections of the diverging laser beam -see Fig. 6 . The close coincidence of the required laser power to keep particles of different size in equilibrium positions indicated close thermal properties of particles use in the experiments.
We observed a linear relationship between the gas pressure above 100 mbar and the trapping power required to levitate a specific particle at a constant position. The experimental data deviate slightly from this linear dependence above atmospheric pressure, which most probably indicates the increase of temperature of the laser irradiated particle and the surrounding gas and the resulting reduced temperature difference across the particle. According to Eq. (3b), the maximum should occur at 29 mbar, which is in agreement with this observation. The transitional region where the photophoretic force goes through its maximum is clearly seen between 10 mbar and 100 mbar. Below 10 mbar the photophoretic force goes down with pressure, which requires higher laser power to keep the particle in a stable position (compare with Fig. 1).   FIG. 6 . The relation between the gas pressure and the laser power required to keep the particle in a constant equilibrium position in the diverging beam. The curve was composed of measurements of six particles with different mass and at the following / ratio in their equilibrium positions: / = 0.08 ( ); 0.11 ( ); 0.12 ( ); 0.12 ( ); 0.13 (+); 0.22 ( ). The transitional regime in the 10-100 mbar range is clearly observed. The characteristic pressure for a 10 µm particle in nitrogen is p* = 29 mbar. The linear dependence above 100 mbar is shown in the inset.
CONCLUSIONS AND OUTLOOK
We have developed a funnel-shaped optical levitation trap and calibrated optical forces in the trap depending on laser intensity and beam geometry. The results of a quantitative analysis of the photophoretic force and the stiffness of trapping achieved by levitating graphite and carbon-coated glass shells of calibrated sizes in an upright diverging hollow-core vortex beam lay the foundation for developing a touch-free optical system for precisely positioning submicrometer bioparticles. We plan to use the optical funnel to enhance the efficiency of sample injection in structural morphology diffraction experiments conducted at free-electron laser facilities. In order to support the operational requirements of free-electron-laser experiments, preferably working in high vacuum or in helium gas at low pressure, our calibration can be extrapolated into the free molecular flow regime. This mapping will allow us to calculate the requirements for focusing a jet of particles as a function of on particle size, position, velocity, and laser power.
